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a b s t r a c t 
The DIONISOS experiment is used to study the impact of RF helium (He) plasma on the surface morphol- 
ogy of tungsten (W) at a frequency of 13.56 MHz. Helium ion energy distributions with a span of 70–
75 eV, while still below the sputtering threshold result in nano-tendril bundles (NTBs) and free-standing 
W whiskers on surfaces at 1020 K. The NTBs are distributed intragranularly with coverage of less than 
10% while reaching up to 30 μm normal to the surface for He ion ﬂuence of 7.6 × 10 25 m −2 and ﬂux den- 
sity of 10 22 m −2 s −1 . Analysis of the NTB interior and sub-surface structure is provided through focused 
ion beam cross section. 
© 2017 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license. 














































t  1. Introduction 
Tungsten (W) nano-tendrils are likely to form in future fusion
energy devices that use W plasma-facing components (PFC). Ev-
idence of the growth of nano-tendrils in the high-power density
tokamak experiment Alcator C-MOD further motivates the study of
nano-tendril growth [1] . Large areal coverage of W nano-tendrils
impacts the plasma-surface interactions [2] and PFC properties [3] .
Research is on-going to understand the fundamental mechanisms
that drive nano-tendril and fuzz growth. Here, we make a distinc-
tion that a nano-tendril is a metal whisker that contains voids
ﬁlled with helium (He) and fuzz is a large surface area, greater
than or equal to the grain size, covered with a porous layer of
intertwining nano-tendrils. There are two basic mechanisms for
modeling W fuzz growth: (1) pressure driven deformation [4–
6] by high pressure He bubbles (P He  1 GPa) or (2) surface dif-
fusion [7,8] of ion-induced adatoms (adsorbed atoms) or by vis-
cous ﬂow [9] . Adatoms in the latter group of models are W surface
atoms that have been pushed onto the surface either by He bubble
growth near the surface or by the He ion bombardment directly.
Through measurements we have made of the He concentration
during W fuzz growth [10] , we know that the He bubbles in the W
fuzz layer do not possess the high pressures necessary to deform
the surface. For surface diffusion models, the growth environment
has been so far too complex to directly observe that adatoms are,
in fact, migrating to form such complex nanostructures. Indirect∗ Corresponding author. 






2352-1791/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article uvidence that surface diffusion might be behind surface morphol-
gy changes under He plasma irradiation is seen in the nano-ripple
atterns that are present before nano-tendril growth, a common
eature in epitaxial growth and sputter patterning [11] , which are
ue, in part, to surface diffusion. 
While developing in situ Elastic Recoil Detection for our study
f the dynamic He concentration in W during He plasma irra-
iation, a new variant of the nano-tendril surface morphology
as discovered, nano-tendril bundles (NTBs) [12] . In this paper,
e show that the radiofrequency (RF) sheath is integral to NTB
rowth. The NTB and single nano-tendril provide additional clues
o the growth mechanisms of nano-tendrils in general. Tokamaks
se RF wave injection for current drive and heating. The RF waves
n the plasma affect the plasma–surface interactions either through
heath rectiﬁcation [13] or, if the conditions are such that the ions
an respond on the RF time scale, by time-modulating the ion en-
rgy [14,15] . Thus, like W fuzz, the circumstances that lead to the
rowth of NTBs may be present in future fusion energy devices, as
ell. 
. Materials and methods 
The samples used were 99.95% pure W disks with a diameter
f 25.4 mm and a thickness of 1 mm. The surface to be exposed
o the plasma was ﬁrst mechanically polished and then electropol-
shed in a 4% solution of sodium hydroxide (NaOH) kept at 0 °C
n a 1 L stainless steel vessel, which also served as the cathode in
he electropolish circuit. The W sample was placed in a PTFE block
ith the edges of the sample sealed with high vacuum siliconender the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Schematic of the plasma exposure chamber of the DIONISOS experiment. The DC/RF biasing circuit (not to scale) allows for either DC or RF modulated bias to the 













































Fig. 2. a) He ion ﬂux density and b) electron temperature radial proﬁles for the 
helicon mode ( x ) and the inductive mode ( ). Measured with a double Langmuir 



















d  rease such that the only exposed area of the anodic side of the
lectropolish circuit in the NaOH solution was the polished side of
he W sample. The best electropolishing conditions were found to
e with a voltage of 7 V applied to the W sample and limiting the
urrent to 0.7 A, resulting in a current density of 0.14 A cm −2 . 
The plasma source used in this work is the 13.56 MHz helicon
lasma of the Dynamics of ION Implantation and Sputtering Of
urfaces (DIONISOS) experiment [16] . A cross section schematic of
he plasma exposure chamber, along with the major components
f the plasma source and sample biasing circuit is shown in Fig. 1 .
elicon plasma sources exhibit multiple distinct modes of opera-
ion depending on the magnetic ﬁeld, input power, and neutral gas
ressure [17] . For this work, a helicon wave-coupled mode and an
nductively-coupled mode were used. The helicon mode was gener-
ted with a magnetic ﬁeld of 0.083 T, input power of 10 0 0 W, and a
ackground He gas pressure of 4 Pa. The inductive mode was gen-
rated with a magnetic ﬁeld of 0.05 T, input power of 700 W, and
ackground He gas pressure of 4 Pa. The ﬂux density and electron
emperature radial proﬁle for the two plasma modes, determined
ith a double Langmuir probe, are shown in Fig. 2 . 
We analyzed the ion energy distribution function (IEDF) inci-
ent on the targets by constructing a single grid-collector retarding
eld energy analyzer (RFEA) in place of the sample [18] . The grid
s a tungsten mesh with a transmission factor of 0.56 mounted on
 molybdenum foil with an entrance aperture at the center that
s 1 mm by 1 mm. The hole size of the grid, 40 μm, is of the or-
er of 3–4 Debye lengths in these plasmas ( λD = 10–15 μm). Since
he grid holes are larger than twice the Debye length, degrada-
ion of the energy resolution of the RFEA due to curvature of the
otential around the grid bars is expected [19] . However, sheath
xpansion due to the negative bias applied to the grid alleviates
his effect. Thus, the grid effectively mimics the conditions present
hen there is a target mounted on the target holder. The ﬁnal en-
rgy resolution is estimated to be E ∼ 5 eV. The space between
he grid and the collector was 380 μm, while the ionization mean
ree path is on the order of 1 cm, so there should be no ionization
ithin the drift space between the grid and the collector. Also, the
rift space is narrow enough to avoid space charge effects. To use
his grid-collector set up to measure the IEDF incident on a target,
e biased the grid with −50 V, swept the voltage on the collector
rom −100 V to 100 V, and measured the current to the collector
imultaneously. 
Though simple to implement and compact, the single grid-
ollector RFEA requires additional considerations of the contribu-
p  ion from secondary electrons to the collector current. The ion cur-
ent to the collector is the same polarity as secondary electron
urrent leaving the collector. As the collector potential is swept,
he current to the collector shows two levels of saturation. The
ighest level of saturation occurs when the collector potential is
ower than the grid bias, as seen in Fig. 3 a for the RFEA used to
easure the IEDF in the inductive mode plasma. The net current
ollected saturates when the collector potential is below the grid
ias because the secondary electron emission from the collector is
ost from the analyzer to the plasma. When the collector potential
weeps above the grid bias, the secondary electrons from the col-
ector are effectively suppressed. A second level of saturation is ob-
erved in this potential region where the secondary electrons are
uppressed and the collector potential is still below the lowest en-
rgy ions, so all of the ion current available is collected. The col-
ector current decreases again once the collector potential is high
nough to repel the lowest energy ions. 
The current intensity on the collector, shown in Fig. 3 b, is the
erivative of the measured collector current versus the collector
otential, and is proportional to the local IEDF in the plasma after
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Fig. 3. a) Collector current measured through a grid biased at −50 V as the collec- 
tor potential is swept from −100 V to 100 V at the center of the inductive mode 
plasma. b) current intensity, or the derivative of the collector current with respect 
to the collector potential in a). The current intensity is proportional to the ion en- 
ergy distribution function passing through the grid. 
Fig. 4. a) Time-averaged ion energy distribution function (IEDF) measured on axis 
in the helicon mode through the grid with −50 V DC bias. b) IEDF measured on 
axis in the inductive mode through the grid with −50 V DC bias. c) IEDF measured 
on axis for the same inductive mode as in (b) but with a −50 V DC bias modulated 
with 1 W of RF power at 13.56 MHz resulting in modulation at + / − 25 V. The peak 
















Fig. 5. Scanning electron micrograph of W fuzz grown on a sample at 1020 K in the 
inductive mode plasma with a DC bias of −50 V for a He ﬂuence of 5.8 × 10 25 m −2 . 
The local ion energy distribution is shown in Fig. 4 b. The thickness of the W fuzz 







































w  passing through the sheath and the biased grid. Since the collec-
tor potential sweep rate, 0.25 Hz, is much slower than the ﬂuctu-
ations in the plasma or sheath, 13.56 MHz, the current intensity
represents the time-averaged IEDF incident on the target at the
center of the plasma convolved with the transfer function of the
RFEA, which is assumed to be a Gaussian function with a vari-
ance of 5 eV and an unknown normalization. However, the shape
of the IEDF, not the magnitude, is important here. As can be seen
in Fig. 4 a, the IEDF at the center of the helicon mode is a broad, bi-
modal distribution from 25 eV to 100 eV with two dominant peaks
in the distribution separated by approximately 50 eV. The bimodal
IEDF in the helicon mode is naturally occurring and is the subject
of another study that will be reported on elsewhere. In short, the
time-averaged IEDF in helicon sources can be broadened due to RF
modulation of the plasma potential [20] . To isolate the effect of RF broadening or time modulation of
he plasma potential in the resulting surface morphology in the
elicon mode, we tested the effect of an RF bias on the sample
ith the plasma in the inductive mode, which has less RF pickup
rom the antenna and a naturally more narrow IEDF [21] . The IEDF
easured at the center of the inductive mode is shown in Fig. 4 b.
here is little broadening present in the IEDF. To make a baseline
omparison to W fuzz growth, we subjected a W sample at 1020 K
ith a DC bias of −50 V to the inductive mode for a He ﬂuence
f 5.8 × 10 25 m −2 and W fuzz formation was the result, shown in
ig. 5 . To impose similar RF broadening in the time-averaged IEDF
ncident on the sample as in the helicon mode, we constructed
 bias tee circuit so that an RF potential could be used to mod-
late the DC bias to the sample, shown schematically in Fig. 1 .
he input power from the RF bias supply was selected so that the
eak-to-peak value of the modulated sample bias was compara-
le to the peak-to-peak value of the bimodal IEDF measured in
he helicon mode, approximately 50 V peak-to-peak. This required
nly 1–2 W of RF power. The voltage waveform, from which the
eak-to-peak potential was measured, was monitored with a high
requency voltage probe on the bias feedthrough into the plasma
hamber. The resulting IEDF measured through the grid with the
F modulated bias in the inductive mode, shown in Fig. 4 c, is bi-
odal with similar FWHM and peak-to-peak potential as the IEDF
easured at the center of the helicon mode, Fig. 4 a. The exposure
onditions are summarized in Table 1 . 
. Results 
.1. Ion energy modulation effects 
Initially, the NTB structures, shown in Fig. 6 a and b, were ob-
erved after a W sample with a surface temperature of 1020 K and
C bias of −50 V was exposed to the helicon mode of DIONISOS.
he local He ﬂuence at the location where the SEM images were
aken ( Fig. 6 a and b) is estimated to be 7.6 × 10 25 m −2 . A layer of
uzz with a gradient in layer thickness might be expected due to
he gradient in the ﬂux density measured in the helicon mode,
ig. 2 a. However, at the center of the sample, which has a broad,
imodal IEDF as shown in Fig. 4 a, we found the macroscopic reﬂec-
ivity of the sample relatively unchanged. Upon closer inspection
ith a scanning electron microscope (SEM), we discovered the re-
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Table 1 
Exposure conditions. 
Helicon mode V bias = − 50 V Inductive mode V bias = − 50 V Inductive mode V bias = −50 + 25 sin( ω RF ·t) V 
Input power, W 10 0 0 700 700 
Magnetic ﬁeld, T 0 .083 0 .050 0 .050 
Fill pressure, Pa 4 4 4 
Peak ﬂux density, 10 22 m −2 s −1 2 .5 0 .9 0 .9 
Central exposure ﬂuence, 10 25 m −2 7 .6 5 .8 5 .8 
Electron temperature, Ev 4 .5 4 4 
Average ion energy, eV 63 56 54 
IEDF FWHM, eV 75 24 71 
Fig. 6. a) Scanning electron micrograph showing Nano-Tendril Bundle (NTB) growth on a W sample after exposure at 1020 K in the helicon mode plasma with a DC bias 
of −50 V for a surface averaged He ﬂuence of 7.6 × 10 25 m −2 . The local He ion ﬂux density of the area in view was 2.5 × 10 22 m −2 s −1 . The local ion energy distribution 
under these conditions is shown in Fig. 4 a. b) micrograph of a NTB from the same sample as shown in a). c) micrograph near the center of a sample exposed with the RF 
modulated bias in the inductive mode plasma for the same He ﬂuence as the sample in Fig. 5 . d) detail of the NTB growth in box labelled B in c). e) detail of the grain in 
the box labelled A in c) showing multiple single nano-tendrils growing on the grain, some indicated with black arrows. f) detail of a single nano-tendril from the grain in 
d). all viewing angles are 52 ° from the sample normal. 
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Fig. 7. a) Scanning electron micrograph of a nano-tendril bundle near the center of a sample exposed at 1020 K to a He ﬂuence of 7.6 × 10 25 m −2 in the helicon mode 
plasma after coating with platinum and milling with a gallium ion beam showing the cross section of the nano-tendril bundle. b) higher resolution image of a portion of 
the nano-tendril bundle cross section showing more detail of the difference in the surface morphology between the nano-tendril bundle and the surrounding area, as well 

















































































p  ﬂective area of the sample still had nano-tendril growth, but in the
form of NTBs. The area remained mostly reﬂective due to the low
coverage ( < 10%) of the NTB structures, as seen in Fig. 6 a, and the
relative smoothness of the surrounding area. 
To conﬁrm that the broad, bimodal IEDF is the reason for the
NTB growth that forms instead of fuzz using the helicon mode
plasma, we applied the RF modulated bias to a W sample at 1020 K
and subjected the sample to the inductive mode for the same
amount of total collected charge as the W fuzz sample exposed
with only a DC bias to the inductive mode, or the equivalent of
a He ﬂuence of 5.8 × 10 25 m −2 . The sample remained macroscopi-
cally reﬂective, except for near the edges of the sample and near
the mounting clips. The surface morphology of the outer radii of
the sample and under the clip hardware was W fuzz. 
Microscopic inspection revealed NTB growth in the reﬂective
area, as seen in Fig. 6 d, but the NTBs were smaller than those
grown in the higher ﬂux density helicon mode. Also, some grains
contained a spread of single nano-tendrils growing 2 μm perpen-
dicular to the surface, shown in Fig. 6 e and f. The RF modulation
of the ion energy is integral to the transition from W fuzz to NTB
growth in our device, but the difference in size between the NTBs
from the plasma born RF modulation and the sample bias RF mod-
ulation could be due to the difference in ﬂux density in the two
exposures. The inductive mode has a ﬂux density at the center a
factor of three less than the helicon mode. The growth of W fuzz
has been shown to have a ﬂux density dependence, but saturates
after a certain ﬂux density level is reached and the saturation that
could also be dependent on the ion energy and surface temper-
ature [22] . In the present case, the NTB width and height from
the surface also increases with increased ﬂux density. The depen-
dence of the NTB growth on varying the exposure parameters will
be shown elsewhere. 
The areas of the surface that formed W fuzz in the inductive
mode, along the outer edge of the sample and near the clip hard-
ware, experience lower ﬂux density. The ion ﬂux density radial
proﬁle shown in Fig. 2 a was measured 10 mm from the sample ax-
ial location. It is unknown how the clip hardware exactly affects
the ion ﬂux density incident on the sample at these locations, but
the clips are 3 mm proud of the surrounding sample surface and
could shadow the sample at larger radii, which is shown to dimin-
ish the ﬂux density in simulations of plasma ﬂux density around
non-planar surfaces performed by Kawamura et al. [23] . In their
simulations, the ﬂux density is decreased by an order of magni-
tude, and assuming that the electron temperature is unchanged,
d  his means that the electron density is decreased, as well. The
ower plasma density means that the sheath thickness increases in
hese areas, with the ﬁnal effect of rectifying the time-modulation
e imposed [13,14] . Therefore, the IEDF incident on the sample
urfaces at these larger radii is most likely narrow, similar to the
EDF shown in Fig. 4 b. 
.2. Nano-Tendril bundle cross section 
The NTB structure was analyzed in more detail by milling with
 focused-ion beam in the SEM. To protect the ﬁne structure of
he NTB, a layer of platinum was deposited over the NTB prior to
illing. The NTB after milling is shown in Fig. 7 a. A close up of the
ase of the NTB is shown in Fig. 7 b. The nano-tendrils that make
p the NTB are very similar in size to the nano-tendrils found in W
uzz. The porosity of the NTB is estimated to be 0.85 from analysis
f the image, which is similar to the porosity of W fuzz [24–26] . 
From the cross section, it is revealed that the interface of the
TB and the bulk is almost level with the surface of the surround-
ng area, relative to the height of the NTB. Also, there is not a net-
ork of voids below the NTB from which the W that composes the
TB could have come. Viewing more closely, in Fig. 7 b, one can see
hat the surface level is lower than the bulk material just below
he NTB by 150 nm. Put another way, the NTB seems to be situated
top a pedestal of solid W. The lack of a network of voids below
he surface level line and the presence of the solid pedestal indi-
ate that the W that composes the NTB did not come from bulk
iffusion from directly beneath the NTB. The W that formed the
TB must have come from the surrounding area. 
. Discussion 
There are several possible reasons why the surface morphology
s affected by the modulation of the incident ion energy. First, the
ange of the He ions into the W depends on the ion energy. With
on energies between 25 eV and 100 eV, the He ions penetrate from
ust one monolayer, or 0.5 nm, to 5 nm. This difference in implan-
ation range is shown by Ito et al. to affect the resulting height of
ano-tendril structures given the same total He ﬂuence in semi-
wo-dimensional (principal directions: one direction parallel to the
urface and the other perpendicular to the surface) MD-MC hybrid
imulations [27] . The increased implantation range correlated to a
ecrease in the incubation ﬂuence, or the amount of injected He
rior to nano-tendril growth. If the incubation period is shorter for
eeper implanted He, then the growth time is increased, resulting








































































































[  n taller nano-tendril structures for the same amount of total He
uence. In our experiment, the implantation range is modulated
n time, which would correspond to the implantation range being
odulated, so this effect might result in a time-averaged change
o the incubation ﬂuence over the surface, but cannot account for
he two-dimensional variation across the surface. 
At the temperature of 1020 K under He ion irradiation, the
urface develops pores with spacing of approximately 20–30 nm
28,29] . Assuming that the areal density of pores represents the
oncentration of bubbles below the surface within the W lattice,
hen the distance between the dominant traps of He in the lattice
s also on the order of 20–30 nm. The diffusivity of He in W at
020 K is approximately 10 −8 m 2 s −1 [30,31] . Thus, the He lifetime
hen only considering diffusion and accumulation in bubbles is
0 ns, which is close to the RF time period, 74 ns. However, the He
ux is continuous, so the effect of ion energy modulation would
ot have a great impact on the diffusion of He, but might affect the
ubble ﬁeld development through the implantation range, as dis-
ussed above. A more detailed evaluation of the nanometer-sized
ubbles or voids below and surrounding the NTB structure may
rovide more evidence of possible growth mechanisms. 
Another parameter affected by the incident He ion energy is
he adatom yield on the surface. The threshold energy for adatom
roduction exists somewhere above the surface potential energy
arrier ( ∼5 eV) [32] and below the threshold energy for sputtering
 ∼100 eV) [33] . Others have shown that the adatom yield is com-
arable to the sputter yield for incident ion energies above the
hreshold for sputtering [34,35] . So, for our experiment, with ion
nergies rapidly changing from 25 eV to 100 eV, the threshold for
datom production would be crossed in each RF time period, effec-
ively pulsing the adatom concentration on the surface. For pulsed
aser deposition (PLD) experiments, ﬁlm growth is affected by the
ulse “on” time, the time between pulses, the deposition ﬂux, and
he lifetime of the adatoms diffusing that form the ﬁlm [36] . In
ur experiment, the adatom lifetime can be estimated from the
aximum adatom production rate and the adatom diffusivity. The
datom production rate, a , is the product of the adatom yield,
 a , and the incident He ion ﬂux density, . Assuming the adatom
ield is approximately 10 −3 [7] , the adatom production rate would
e on the order of 10 19 m −2 s −1 . This is a very high value, corre-
ponding to 0.5 monolayers of W per second (ML ·s −1 ). By taking
he surface temperature in our experiment, 1020 K, the diffusivity
f surface self-diffusion can be estimated with the pre-exponential
actor D 0 ∼10 −7 m 2 s −1 and activation energy E a = 0.92 eV [37] to be
 1020K = 2.8 ×10 −12 m 2 s −1 . We assume that the loss of adatoms at
he beginning of He ion irradiation is mainly due to recombina-
ion with vacancies, which are generated simultaneously with the
datoms. The vacancies are distributed within the ﬁrst few mono-
ayers of W, but the majority of vacancies are in the original sur-
ace layer [35] . If the concentration of vacancies at the surface is
pproximately equal to the adatom concentration, then the adatom
ifetime is estimated as ( a ·D 1020K ) −1/2 . This gives an adatom life-
ime of approximately 200 μs, but the RF period is 74 ns. This
eans that the pulse of adatoms during one RF time period would
ot have enough time to decay until the next pulse of adatoms,
pproximating a monoenergetic ion irradiation. Preliminary testing
f the extent of the frequency range of NTB growth shows that
uppression of W fuzz growth is still achieved with a frequency
f 20 kHz, which has a period of 50 μs, while keeping all other
xposure conditions the same, indicating that NTB growth can be
tudied at lower frequency. 
. Conclusion 
RF broadened ion energy distribution and/or ion energy modu-
ation was shown to affect the resulting surface morphology whene plasma is incident on W at 1020 K. Tungsten fuzz was sup-
ressed, but nano-tendrils were still present. Nano-tendril bundles,
ssentially islands of nano-tendrils with low coverage ( < 10%), and
ingle nano-tendrils are observed instead of W fuzz. These new
orms of nano-tendril surface morphology provide additional clues
or the study of W fuzz growth mechanisms. Ion energy modula-
ion provides a new parameter to study and control the resulting
urface morphology. 
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